MicroRNAs (miRNAs) have been improved to regulate oocyte development in a cell-or stage-specific manner. In this study, we aimed to clarify microRNA-224′s (miR-224) role in cumulus cells (CCs), to find out whether a change level of miR-224 in CCs could influence the maturation of oocyte. We found that overexpression of miR-224 of CCs led to the impairment of cell expansion, along with a decrease in the gene expression associated with cell expansion and maturation of oocyte. The increased expression of miR-224 in CC interrupted oocyte cell cycle at the GV stage. The GDF9, BMP15 and ZP3 of the oocytes were also down-regulated. The following in vitro fertilization had yielded a lower number of oocytes from cumulus-oocyte complexes (COCs) overexpressing miR-224 when reaching the blastocyst stage. The suppressive effect of miR-224 in the maturation of COC is validated by the miR-224 knockdown model, where the expansion of cumulus cell was increased and oocyte was developed to MII stage. In addition, the expression of aromatase in CCs was down-regulated by miR-224, resulting in a decreased level of estradiol (E2). A further investigation found that miR-224 down-regulated the expression of protein and mRNA of Ptx3 by targeting its 3'UTR. Our study revealed that miR-224 regulates the gene expression and function of CCs, which influences the maturation of oocyte, at least in part, via targeting Ptx3.
Introduction
MicroRNAs (miRNAs) are small, non-coding RNA molecules functions through RNA silencing and post-transcriptional gene regulation (PTGR) (Bagga et al., 2005; Bartel, 2004) . Numerous miRNAs are produced during the development oocyte and embryo and target on a series of mRNA (Mickoleit et al., 2011; Tang et al., 2007) . A study had showed that an injection of let-7b and miR-17-5p into the ovary of Dicer-deficient mouse restored the vasculature and increased concentration of progesterone (Gonzalez and Behringer, 2009) . One recent study reported that miR-378 regulates the gene expression of cumulus cells (CCs), along with the functional change, which influences the maturation of oocyte (Pan et al., 2015) . These evidences had demonstrated the potential role of miRNA in the development of female reproductive system, but little is known concerning the physiology beneath these phenomena and an in-depth research is needed.
Cumulus oophorus and oocyte together form a cumulus-oocyte complex (COC) and functions through the direct contact of oocyte and CCs and mediation of paracrine signaling. These cell-to-cell interactions are key forces of oocytal development (Gittens et al., 2005; Machaty, 2016) .
The production of steroid CCs, supported by specific enzyme, produce steroids that are essential for the maturation of oocyte (Jamnongjit et al., 2005) . A previous research found a negative correlation between expression level of miR-224 and aromatase in mural granulosa cells. Aromatase plays a key role in the biosynthesis of estrogen (Xu et al., 2011) . MiR-224 was also involved in growth of follicular granulosa cell mediated by TGF-β1 and production of estradiol (E2) through the SMAD4 gene (Yao et al., 2010) . Another study of miR-224 revealed a transcriptional regulation on miR-224 by NF-κB p65 and p53 in the preantral ovarian granulosa cells (GCs) of mice (Liang et al., 2013) . A recent research of mouse revealed a regulatory effect of miR-224 on cumulus expansion (Yao et al., 2014) . These evidences suggest that miR-224 could be involved in later development of follicles, but how miR-224 plays its role in CCs is yet to be found.
This study managed to exclusively manipulate the expression of miR-224 in the CCs and see if it regulates the function of cumulus and affects the maturing progression of oocyte. mature miR-224 were found in both GV and MII of the oocyte development. A significantly lower level of miR-224 was detected in CCs during MII of oocytes, as compared to those of GV stage, which suggested a driving force for IVM from miR-224 of CCs.
Suppressed expression of miR-224 in CCs is necessary for the maturation of oocyte
The RT-PCR found that the miR-224 group had a higher expression of miRNA in cumulus cell than that of the control group (Fig. 1B) . The high miR-224 expression is only found among CCs (Fig. 1B) . And the overexpression of miR-224 persists through the maturation of oocyte (Fig. 1C) . The transduced COCs demonstrated a decreased scale of cumulus oophorus expansion and an over-expression of miR-224 (Figs. 1D and E). These suggest that low level of miR-224 expression of CC is associated with the maturation of oocyte.
2.3. 3.3. Changes of gene expression pertaining to cumulus cell expansion after miR-224 regulation After IVM, RT-PCRs were performed on CCs to find out how gene expression pertaining to cell expansion was changed in response to the manipulation of miR-224. Transcription of prostaglandin-endoperoxide synthase 2 (PTGS2), hyaluronan synthase 2 (HAS2) and pentraxin 3 gene (PTX3) were significantly down-regulated when miR-224 was over-expressed. No significant changes were found in tumor necrosis factor-α-induced protein 6 gene (TNFAIP6) (Fig. 2A) . A down-regulation of gene associated with progesterone-mediated oocyte maturation such as progesterone receptor (PGR), ADAMTS1, and CX43 were also detected (Fig. 2B) .
Changes of gene expression and function of oocyte after miR-224 regulation in cumulus cell
Gene expression and function of oocytes were also analyzed after manipulation of miR-224 in cumulus cell. No changes were found in the expression of C-KIT (also called CD117) (Fig. 3A) . A significant decrease of GDF9, BMP15 and ZP3 expression was detected in miR-224 group (Fig. 3A) . As for oocyte functions, the over-expressed miR-224 significantly compromised the oocyte's meiosis to the metaphase II and embryo development (Figs. 3B and C) . Moreover, when miR-224 was inhibited, increase of CC expansion and oocyte maturation was observed (Figs. 3D-F) , a validation of miR-224′s specific role in the OCC maturation.
2.5. Over-expressed miR-224 in CCs and down-regulation of aromatase E2 is an important factor of Has2 expression and cumulus oophorus expansion (Sugiura et al., 2010) , while the aromatase is the key enzyme for biosynthesis of E2. The western blot analysis found a significant decrease of aromatase of CCs in the miR-224 over-expressed group during IVM (Figs. 4A and B) . A same trend was also observed for E2 levels of IVM culture medium in miR-224 over-expressed group, as compared to the GFP group (Fig. 4C) . When E2 was added to the miR-224 overexpressed group, the suppression on cumulus oophorus expansion and development of oocyte was relieved, a demonstration of miR-224 influencing oocyte maturation through regulation of E2 (Figs. 4D and E) . 
3′-UTR of Ptx3 is targeted MiR-224
To understand how miR-224 influences the maturation of oocyte through CCs, PicTar (www.pictar.org), an algorithm for the identification of miRNA targets, was applied to search MiR-224′s potential targets on cumulus cell (Krek et al., 2005) . Candidate gene with a more than two-fold of change was considered potential target. Ptx3 in particular, was one of the potential targets. Given the fact that Ptx3 expression was down-regulated by miR-224 according to our study, and Ptx3 is considered a key component that influences expansion of cumulus oophorus (Salustri et al., 2004) , a dual-luciferase reporter system was applied to confirm the association between miR-224 and Ptx3 gene. The 3′-UTR region Ptx3 mRNA (with the site that is recognized by miR-224 according to the PicTar, or a mutant site as negative control) was subcloned to luciferase reporter plasmids to build Ptx3 3'UTR/mutant-Ptx3 reporter construct for transient transfection. Luciferase activity assay showed that plasmid with Ptx3 3′-UTR region yielded a significant decreased luciferase activity when transfected with miR-224 mimic, and when miR-224 inhibitors were transfected, a significant increase of luciferase activity detected. No change was found in cells transfected with mutant-Ptx3 or without a Ptx3 3′-UTR region (Fig.5A ). In addition, protein and mRNA expression of Ptx3 in HEK293T cells that over-expressed miR-224 by western blot and qRT-PCR showed that expression of protein and mRNA of Ptx3 were decreased, compared to the control group, when miR-224 was overexpressed (Figs. 5B and C) . All these facts indicate that miR-224 could down-regulate the expression of Ptx3 through the 3′-UTR region.
Discussion
In this study, we aimed to investigate whether miR-224 of cumulus cell, a microRNA, influences the development of oocyte. The qRT-PCR test revealed a negative correlation between miR-224 expression and oocyte development. To verify the relationship between miR-224 and oocyte development, we managed to manipulate the miR-224 expression in cumulus cell of COCs and found that suppressed expression of miR-224 in CCs is necessary for the maturation of oocyte: over-expression of miR-224 stopped or delayed the progression of oocyte maturation, while inhibition of miR-224 promote oocyte development. To further investigate the mechanism beneath this association, qRT-PCR test and western blot test were performed to reveal the change of gene and protein expression in CCs and oocytes that are related to the maturation of oocyte or cumulus expansion. Genes in oocyte that are related to oocyte maturation such as GDF9, BMP15, CX37, and ZP3 were down-regulated by miR-224. Down-regulation of E2 and its key enzymes, aromatase were also present when miR-224 was over-expressed in CCs. Our attention was drawn by PTX3, a miR-224 related gene. A luciferase reporter plasmids with Ptx3 3'UTR region was built and used to verify the association between miR-224 and PTX3. Luciferase assay revealed a direct association between miR-224 and Ptx3: miRNA-224 inhibits Ptx3 through the 3'UTR region.
Hyaluronic acid (HC) is the major constituent of extracellular matrix in COCs (Briggs et al., 2015) . Certain level of HC accumulation could trigger CCs expansion. HAS2, which is down-regulated in miRNA-224 group, was a key enzyme in the production of HC. Ptx3, Tnfaip6, Ptgs2, according to literature, are also connected to CCs expansion (Fulop et al., 2003; Ochsner et al., 2003; Varani et al., 2002) . In this study, a significant drop of PTGS2 and HAS2 expression was detected in miRNA-224 group. Since CCs expansion is an essential force in the progression of oocyte development (Hess et al., 1999) , expression change in miRNA-224 of CC could be critical in the oocyte maturation and ovulation. Change gene expression in CC by miR-224 might have disturbed the metabolism of nutrients and endocrine signaling supply of oocyte, which led to the impairment of oocyte development. In this study, a decrease expression of ZP3, BMP15 and GDF9 in oocyte was detected when miR-224 was overexpressed in CCs. BMP15 and GDF9 are oocyte-specific gene that are essential driving force of follicle growth (Elvin et al., 1999; Juengel et al., 2002; Knight and Glister, 2006 ). An animal study reported an important role of ZP3 in fertilization and maturation of oocyte (Rankin et al., 1996) .
In addition, the change expression of E2 and aromatase indicates a potential impact of miR-224 in E2 production and signaling pathway that regulates CCs expansion and maturation of oocyte. An in vitro study found that the supplement of E2 promotes the cumulus expansion in preantral COC and the transcription of HAS2 (Sugiura et al., 2010) . In this study, a similar effect of E2 was demonstrated when addition of E2 in the miR-224 over-expressed group showed a reverse effect in CC expansion and maturation of oocyte during IVM. This effect suggests that CC differentiation could be compromised (or partially) by the suppression of miR-224 through the inhibition of E2 signaling. Study has reported that E2's effect in CC expansion is mediated by secretion of BMP15 and GDF9 in oocytes (Sugiura et al., 2010) . In this study, BMP15 and GDF9 could have a suppressive effect in cumulus expansion through interaction between CCs and oocyte.
MiRNAs are modulatory RNA sequences that regulate gene functions in a post-transcriptional manner (Kim, 2005) . In this research, miR-224 changed function and expression of gene in CCs and influences the development of oocyte, at least in part, via targeting Ptx3 gene. Gene Ptx3 is known for its role in the construction and maintenance of the COCs matrix, and subsequently affects the later development and implantation of oocytes (Cillo et al., 2007) . Study of Ptx3 displayed a complete suppression of fertilization in Ptx3-deficient mouse (Garlanda et al., 2002; Varani et al., 2002) . A research suggests that miR-224 affected ovulation of mouse by decreasing the expression of Ptx3 (Yao et al., 2014) . For better understanding of the effects of miR-224, and the networks connecting miR-224, Ptx3 and oocyte development, further investigation involving more potential factors (other miRNAs or genes, for example) is needed.
To conclude, this study revealed that miR-224 over-expression in CCs leads to a delay in expansion of cumulus and meiosis of oocyte, along with a decrease in expression of related genes in CCs and oocyte and compromised development of oocyte. MiR-224 plays such role by (or partly by) targeting Ptx3. Findings in this research renews our knowledge about miRNA and oocyte development. It also revealed the potential value of miR-224 and Ptx3 in the diagnosis and treatment of infertility of women.
Materials and methods

Material and in vitro oocyte maturation (IVM)
COCs were isolated from sow ovaries and subjected to IVM according to the protocol (Yang et al., 2012; Zhao et al., 2009) . In brief, follicles were extracted and the COCs were collected and rinsed with TL-Hepes of 0.1% polyvinyl alcohol. During IVM, COCs were maintained in culture media [with 0.57 mM L-cysteine, 0.5 μg/ml luteinizing hormone (LH), 0.5 μg/ml follicle stimulating hormone (FSH), and 10 ng/ml epidermal growth factor (EGF)] under 39.0°C in 5% CO 2 for 42 h. Before the culturing procedure, a fair number of GV oocytes was selected for each replication group. The GV oocytes that were used for analysis were separated from CCs by a 7-minite vortex under TL-Hepes-PVA with hyaluronidase (1%). Oocytes that were subjected to IVM were separated from CCs by a 5-minite vortex under TL-Hepes-PVA with hyaluronidase (1%). A vitro- matured MII oocyte was identified when the polar body extrusion is present. For subsequent uses, the CCs before and after IVM, oocytes of GV and MII stage were subjected to rapid freezing and kept in a −80°C refrigerator.
After 30 h of IVM, the cumulus expansion was observed for its area and diameter. In brief, images of the plates were taken using a stereomicroscope, then subjected to ImageJ analysis to quantify the cumulus expansion (Linher et al., 2007) . MII-stage oocytes were collected and assessed after IVM (Hirao et al., 1994) , and MII and non-MII oocyte were counted for their numbers. The MII rate was expressed as MII oocyte count divided by count of recovered oocyte.
This study was approved by the Ethics Committee of Shandong University prior to the study. All animals were raised according to the Guiding Principles for Animal Care. All reagents were procured from SigmaAldrich Company Ltd. (Dorset, UK) unless otherwise stated.
Recombinant lentiviral particles
To find out if suppression of miR-224 of CCs is required for the maturation of oocyte, a recombinant lentivirus (Lenti-miR-224, a lentivirus that induce over-expression of miR-224, with a GFP reporter) was built to manipulate the expression of miR-224 in CCs. The viral gene was cloned to transfer plasmid to over-express miR-224. Lenti-GFP (a lentivirus that only expresses GFP), a control virus, and the productions of recombinant lentiviral particles were also prepared (Xu et al., 2011) . The virus was subjected to ultracentrifugation and infiltration, and the filtrate was then moved to a sterilized test tube for another ultracentrifugation. The ultracentrifugations were set as 16,500g * 90 min under 4°C. The concentrated viral supernatant of each virus was pooled and separated into EP tubes, and kept in a −80°C refrigerator until further use.
Viral transduction
COCs ready for viral transduction were randomly assigned to groups and maintained in a 4-well plate containing IVM culture medium (0.5 ml for each well). Same volume of concentrated Lenti-miR-224 or Lenti-GFP virus was added to the wells, with a MOI (1.0), polybrene (8 μg/ml) was also added to increase the efficiency of transduction (Sigma-Aldrich, Dorset, UK). The transduction was set at 38.5°C for 44 h (humidified atmosphere, 95% air, 5% CO 2 ). Cell viability analysis was performed on transduced CCs.
In vitro fertilization (IVF)
After IVM, the naked oocytes were rinsed five times in 50 μl HTF medium to remove attached cumulus cells. Sperm were collected from the cauda epididymis of 14-16 week old males in TYH + MBCD medium and incubated for 60 min at 37°C. Sperm were counted and final concentration of 1 to 2.5 × 106 sperm per ml was mixed with two to five COCs or 20-30 MII stage oocytes, respectively. Following 4 h of incubation the zygotes were rinsed four times in 150 μl HTF medium to remove excess sperm and debris. One day later, fertilization rate was scored by counting two-cell embryos. Oocytes or embryos that showed fragmentation or a darkened cytoplasm are referred to as 'degenerated'. All manipulations were performed in petri dishes on a hot plate at 37°C, in drops of medium covered with mineral oil, all equilibrated overnight in CO2 incubator.
After seven days of IVF, the oocytes were observed using an optical microscope for blastocyst and cleavage rates.
MiRNA inhibition
A microRNA inhibitor (anti-miR-224, Life Technologies) was used for inhibition of mature miR-224, and an anti-miR that inhibits of endogenous miRNA was also applied for the negative control group.
Transfection of anti-miR-224 negative control was performed on the COCs with the Lipofectamine® 2000 Transfection Reagent according to the manufacturer's instruction, with a final concentration of 20 pmol/ml or 40 pmol/ml (respectively). The IVM medium was refreshed at 24 h post-transfection to avoid cell cytotoxicity. 44 h after transfection, the oocytes and CCs were collected and kept at a −80°C refrigerator for further experiments.
Luciferase activity assay
For luciferase reporter assay, the HEK293T cell line was subjected to a transient transfection of Ptx3 3′UTR/mutant-Ptx3 reporter construct, miR-224 mimic/miRNA mimic negative control (MNC) or miR-224 inhibitor/miRNA inhibitor negative control (INC) (Life Technologies Co., Ltd., Taiwan). After 30 h of transfection, the transfected cells were collected and subjected to the luciferase reporter assay using a Dual-Luciferase Reporter Assay System (Promega, WI, USA). Luciferase activity was measured and normalized to Renilla.
RNA extraction, RNA reverse transcription and qRT-PCR
The total RNA of cultured cells was extracted for cDNA synthesis. The qRT-PCR was performed using SYBR™ Green master mixes (Life Technologies Co., Ltd., Taiwan) on the StepOnePlus™ real-time PCR system (Life Technologies Co., Ltd., Taiwan). Endogenous expression of snU6 RNA was used as internal control and mRNA expressions were normalized by GAPDH. The miRNA expressions were presented as ratios calculated with 2 − ΔΔCT method. Experiment of each gene was triply duplicated. Primers used in this study are listed below: C-KIT, forward: 5′-TGT ATT CAC AGA GAC TTG GCGG-3′, reverse: 5′-CGT TTC CTT TGA CCA CGT AA-3′; GDF9, forward: 5′-TAG TCA GCT GAA GTG GGA CA-3′, reverse: 5′-ACG ACA GGT GCA CTT TGT AG-3′; BMP15, forward: 5′-GGA TCC AGA AAA GCA CAA CC-3′, reverse:5′-AGT GTC CAG GGA TGA AAT GC-3′; ZP3, forward: 5′-TGG TGT ACA GCA CCT TCC TG-3′, reverse: 5′-ATC AGG CGC AGA GAG AAC AC-3′; Ptx3, forward: 5′-TCT CTG GTC TGC AGT GTT GG-3′, reverse: 5′-TGA AGA GCT TGT CCC ATT CC-3′; GAPDH, forward primer: 5′-CAG CCT CAA GAT CAT CAG CA-3′, reverse: 5′-TGT GGT CAT GAG TCC TTC CA-3′.
Western blot
The cells were collected and rinsed with PBS. To extract whole protein for western blot analysis, the cells were lysed with lysis buffer that contains protease inhibitors. Protein extracts (20 μg) of the cell lysates were loaded on SDS-PAGE and were electrophoresed. The protein blots were transferred onto a nitrocellulose membrane, the membrane was then bathed with blocking solution (PBS, 5% non-fat powdered milk and 0.1% Tween-20) for 1 h under room temperature. Followed by the incubation of primary antibody (anti-aromatase, anti-Ptx3, anti-GAPDH all from Abcam, Massachusetts, USA) at 4°C for overnight. The membrane was then subjected to an extensive bathe of TBST incubated with secondary antibodies for 1.5 h under room temperature. The protein bands were visualized by the enhanced chemiluminescence (ECL; Pierce, Rockford, IL, USA). The Quantity one software (Bio-rad, Hercules, California, USA) was used to quantify the signal intensities. Each protein expression value was normalized to the expression level of GAPDH.
Estradiol (E2) determination by ELISA
The culture medium was collected for E2 analysis after cell culture. The medium was subjected to 500-g centrifugation and the supernatant of each sample was 100-fold diluted with ultrapure water. The E2 concentration was measured using an estradiol ELISA Kit (Cayman Chemical Company, Ann Arbor, Michigan, USA) in accordance with the manufacturer's instruction. The E2 level was determined for miR-224 group and GFP control group, as well as an empty control of pure water.
Statistical analysis
All continuous values are expressed as mean ± SD. A Student t or simple one-way ANOVA was applied for data comparison between groups. All statistical analyses were performed using SPSS 17.0 (IMB, Chicago, USA). The significant level of all significant tests was set as two-tailed p b 0.05.
Funding
None.
Conflict of interests
The authors declare that there is no conflict of interests.
